INTRODUCTION
agents. Calcium homeostasis in Deiters' and Hensen's cells, for example, is regulated by ATP and nitric oxide.
The so-called supporting cells of the mammalian We studied the intracellular calcium concentration cochlea, primarily Deiters', Hensen's, and pillar cells, [Ca 2+ ] i in isolated pillar cells of the guinea pig cochlea have historically been considered a structural support in response to extracellular ATP and nitric oxide using for the anatomical organization of the organ of Corti. the fluorescent indicator fluo-3. [Ca 2+ ] i increased rapHowever, recent evidence has shown that these cells idly and significantly throughout the pillar cell in may influence auditory transduction in a more active response to a bolus of ATP or 2-methylthio ATP while fashion. Deiters' and Hensen's cells are innervated ␣, ␤ -methylene ATP was ineffective. The response to (Burgess et al. 1997; Fechner et al. 1998 ) and contain ATP was inhibited by suramin and Cibacron Blue but receptors for neurotransmitters and neuromodulators not by pyridoxal phosphate 6-azopheny1-2Ј,4Ј-disulsuch as ATP and acetylcholine (Dulon et al. 1991 , fonic acid. This pharmacological profile is consistent 1993 Sugasawa et al. 1996 ; Matsunobu and Schacht with a [Ca 2+ ] i increase largely mediated by P2Y recep-2001) . Furthermore, intracellular calcium [Ca 2+ ] i in tors. In Ca 2+ -free medium supplemented with EGTA, Deiters' and Hensen's cells is modulated by purinergic the response to extracellular ATP was reduced by 33%, receptors and the nitric oxide/cyclic GMP/protein suggesting a contribution of calcium influx to the overkinase G (NO/cGMP/cGK) pathway (Matsunobu and all effect. The ATP-induced increase of [Ca 2+ ] i was Schacht 2000). The fact that such mechanisms are attenuated by NO donors (sodium nitroprusside or widespread in the cochlea reinforces the idea that supdiethylamine NONOate), and this attenuation was porting cells are under neuronal and humoral control reversed by KT5823, an antagonist to protein kinase and participate in homeostatic regulation or feedback G. The results indicate the involvement of purinergic signaling in the organ of Corti in both normal and mechanisms and the nitric oxide/cyclic GMP/protein pathological states (Thorne and Housley 1996; Fridbkinase G pathway in the regulation of [Ca 2+ ] i in erger et Flock et al. 1999) . cochlear pillar cells.
Pillar cells form a tight junction with the hair cells and maintain the space of Nuel, transmitting stimulusinduced motion between the basilar membrane, the 1 Department of Otolaryngology, Asan Medical Center, University of reticular lamina, and the hair cells (Slepecky 1996) .
Ulsan, College of Medicine, 388-1, Poongnap-Dong, Songpa-Gu, Their structural role is emphasized by a large number Seoul, Korea. of organized microfilaments and microtubules in their ] free vs. log {(F Ϫ F min ) / (F max Ϫ F )}. min at room temperature with fluo-3/AM diluted in HBSS to a final concentration of 5 M. The cells were
From the x-intercept, a K d of 316 nM was calculated, a value similar to that found in other reports (Minta et al. 1989; Kao et al. 1989 ).
Application of purinergic agonists
The cells were stimulated by a 10-s bolus of ATP, 2-methylthio ATP (2MeSATP), or ␣, ␤ -methylene ATP (␣, ␤ -meATP; each in HBSS, pH 7.4, 298 mOsm) applied extracellularly through a glass pipette (Sterile Femtotips, Eppendorf, Hamburg, Germany) connected to a pressure ejector (PLI-100, Medical Systems Corp., Greenvale, NY). The pipette (opening ϭ 0.5 Ϯ 0.2 m) was placed about 50 m away from the cell. A negative holding pressure was applied after a bolus delivery to prevent diffusion of the solution out of the pipette.
FIG. 1. Isolated outer (a) and inner (b) pillar cells. Cells show distinct
Concentrations of all agents applied in this manner microtubules, a clearly delineated cell membrane, and nucleus.
are stated as the concentration in the ejected solution,
Microtubules fan out at the apical portion of the outer pillar cells and the actual concentration reaching the cells was (arrow). In the inner pillar cell, the microtubules bend toward the site of the outer pillar and outer hair cell, and the apical portion forms approximated as follows. A solution of 1 mM fluoresa cuplike structure for contact with the outer pillar cell (arrowheads).
cein was ejected from the pipette into 50 L of distilled water. By comparison of the resultant fluorescence in the water to a standard curve of fluorescein, the dilution of the injected solution was determined. From 136.9 mM NaCl, 0.34 mM Na 2 HPO 4 , 5.4 mM KCl, 5.0 mM sodium HEPES, with osmolality adjusted to 300 Ϯ the dilution factor, a volume of 32 Ϯ 5 pL per bolus was calculated. Since the pipette was located 50 m 2 mOsm with NaCl; pH 7.4) and Ca 2+ -free HBSS were purchased from Gibco (Grand Island, NY). Fluo-3/ away from the cell, the bolus will diffuse-under the simplest assumption-into a sphere with a radius of AM, fluo-3 pentapotassium salt, and calcium-buffered standard solutions were obtained from Molecular 50 m and a volume of Ͼ500 pL before reaching the cell. The agents are thus diluted 10-to 20-fold from Probes Inc. (Eugene, OR), DEA-NO from Cayman Chemical (Ann Arbor, MI), and KT5823 from Biomol their original concentration when they reach the cell, and this concentration will rapidly decrease as the Research Laboratories Inc. (Plymouth Meeting, PA). All other reagents were purchased from Sigma Chemibolus further spreads around the cell.
cal Co. (St. Louis, MO).
Application of other agents Data analysis
Purinergic antagonists, NO donors, and inhibitors were preincubated with the cells for 5 or 20 min (see All values are presented as mean Ϯ SEM. Differences between mean values were evaluated using one-way the Results section for details) prior to the application of ATP or other agonists. The agents were added to ANOVA. A p value of Ͻ0.05 was considered significant. the 50-L droplet containing the cells as 1-l aliquots of 50ϫ stock solutions. Suramin, PPADS, and Cibacron Blue 3GA were each dissolved in HBSS (pH 7.4) and
RESULTS
the osmolality was adjusted to 300 Ϯ 2 mOsm. Sodium nitroprusside (SNP) and diethylamine NONOate Identification and selection of pillar cells (DEA-NO) were also dissolved in HBSS (pH 7.4). KT5823 was dissolved in DMSO and diluted in HBSS
The pillar cells maintained a distinct shape after isolation ( Fig. 1 ) reminiscent of their morphology in vivo. to obtain the desired concentration (final concentration of DMSO in the bath was 0.06%). During the The cell body of outer pillar cells displayed a round to elliptical shape and contained straight bundles of preincubations, cells were not illuminated in order to avoid photobleaching. microtubules spreading at the apex (Tolomeo and Holley 1997) . Inner pillar cells were distinguished by their curved microtubule bundles (Tucker et al. 1993 ).
Chemical reagents
Only cells with a clearly delineated cell membrane, intact microtubules, and nucleus were used. Hank's Balanced Salt Solution (HBSS: 1.25 mM CaCl 2 , 5.55 mM glucose, 0.81 mM MgSO 4 , 0.44 mM KH 2 PO 4 , After isolation, dye loading, and washing with fresh exceeding 100 nM. Cells included in the studies averaged 49 Ϯ 3 nM (mean Ϯ SEM; n ϭ 53) and resting levels were similar in all experimental groups. a global response of the cell. There were no obvious local foci nor were there any differences in the kinetics [Ca 2+ ] i response to ATP between the basal and apical portion of the cells (Fig.  3) . Of five cells studied, two showed a simultaneous Fluorescence was significantly increased in all cells rise of fluorescence in base and apex, in one cell the (n ϭ 27) by the application of a bolus of 100 M ATP.
basal increase preceded the apex, and in two the apex Relative fluorescence (F ) increased from 42 Ϯ 3 (F 0 ) preceded the base (Fig. 3D) . Likewise, the magnitude to 115 Ϯ 9 (F max ), yielding a ratio of F max /F 0 ϭ 2.7 Ϯ of the signal did not differ between base and apex. In 0.1. Inner and outer pillar cells responded similarly.
two cells the basal and apical maxima were within Of the 27 cells tested, 23 were outer pillar cells giving Ϯ5%, in two cells the apex was higher, in one cell the a response of F max /F 0 ϭ 2.78 Ϯ 0.15; four inner pillars base was higher yielding an average -free HBSS, resting [Ca 2+ ] i was 50 Ϯ 8 nM. Fluorescence increased in 8 out of 10 cells when ATP mum (F max ) at around 9 s (Fig. 2) . Fluorescence then gradually decreased, reaching a plateau after 2-3 min.
was applied within 5 min after adding 1 mM ethylene glycol-bis (␤ -aminoethyl ether) N,N,NЈ,NЈ-tetraacetic A response to ATP could be obtained repeatedly in the same cell but the F max values were successively acid (EGTA) to Ca 2+ -free HBSS. In responding cells, the F max /F 0 ratio was 1.8 Ϯ 0.3. decreasing (n ϭ 5). A bolus application of HBSS alone did not change the fluorescence (F max /F 0 ϭ 1.00 Ϯ After preincubation of the cells with 1 mM EGTA for 20 min, resting levels of [Ca 2+ ] i were significantly 0.01; n ϭ 5).
The calcium signal elicited by ATP appeared to be reduced to 33 Ϯ 7 nM (n ϭ 13) and ATP no longer Cibacron Blue (n ϭ 7) are significantly different from the response (n ϭ 27) and to 2MeSATP (n ϭ 15) differ from HBSS controls (n ϭ to ATP alone (n ϭ 27; p Ͻ 0.05). Ten M PPADS (n ϭ 8) has no 5; p Ͻ 0.05). Responses to ␣, ␤ -meATP (n ϭ 6) do not differ signifisignificant effect on the responses to ATP. cantly from HBSS controls. ] i ϭ 57 Ϯ 6 nM), a 10-s bolus of ATP beginning of the bolus and F max was 9.1 Ϯ 0.6 s. These elicited a significantly lower F max /F 0 ratio (1.5 Ϯ 0.2; responses were not different from those induced by n ϭ 7; p Ͻ 0.05). At 500 M, the inhibitory effect was ATP, and cells responded repeatedly with subsequent similar (F max /F 0 ϭ 1.5 Ϯ 0.3; n ϭ 4). In contrast, 20 F max values continuously decreasing (n ϭ 5).
M Cibacron Blue was not effective (F max /F 0 ϭ 2.4 Ϯ ␣, ␤ -Methylene ATP (␣, ␤ -meATP) has been identi-0.6; n ϭ 6). fied as an agonist of P2X 1 receptors (MacKenzie et al. 1996) The effect of purinergic antagonists (n ϭ 9) and 56 Ϯ 6 nM (n ϭ 8), respectively, levels not different from the resting [Ca 2+ ] i in HBSS. The The presence of suramin (500 M), an antagonist of both the P2X and P2Y receptor subtypes, inhibited the effect of a subsequent ATP application, however, was significantly attenuated. DEA-NO limited the ATP ATP-induced [Ca 2+ ] i increase (Fig. 5) . After a 5-min preincubation of isolated cells with suramin, the restresponse to F max /F 0 ϭ 1.4 Ϯ 0.1 while SNP was somewhat less effective, reducing the ATP response to F max / ing [Ca 2+ ] i (47 Ϯ 3 nM) was not different from the average resting [Ca 2+ ] i in HBSS. A 10-s bolus of 100 F 0 ϭ 2.0 Ϯ 0.2 (Fig. 6 ).
to ␣, ␤ -meATP are consistent with an involvement of P2Y receptors since 2MeSATP is a P2Y agonist while ␣, ␤ -meATP is a P2X agonist (Burnstock and Kennedy 1985) . Also consistent with the participation of P2Y receptors are the block of the ATP response by Cibacron Blue and the failure of PPADS to attenuate the effect of ATP at a low concentration. Cibacron Blue is a selective P2Y antagonist at concentrations between 10 and 500 M (Soediono and Burnstock 1994; Lim et al. 1997; McMurray et al. 1998; Filippi et al. 1999; Shalev et al. 1999) . PPADS is a P2X antagonist whose specificity, however, is concentration-dependent. In rabbit vas deferens (Ziganshin et al. 1993) , PPADS mediated by an activation of P2Y receptors coupled to G-proteins and the formation of inositol trisphosphate (IP 3 ). With time, EGTA will also deplete intracellular To test the involvement of the cyclic GMP-depenstores (Dulon et al. 1990 ). This is seen here in the dent protein kinase (cGK) pathway in the action of significant decrease of [Ca 2+ ] i after a 20-min preincu-NO donors, the cells were incubated with an inhibitor bation, explaining the absence of an ATP response of cGK. KT5823 is a relatively selective, cell-permeable after prolonged EGTA treatment. A mediation of inhibitor of cGK with a K i of 0.234 M in contrast to increases in [Ca 2+ ] i by IP 3 receptors, in turn, is in its much higher K i for protein kinase A (4 M) and agreement with the observations that ATP increases myosin light chain kinase (Ͼ10 M) (Kase et al. 1987) .
inositol phosphate production in the organ of Corti When the cells were incubated with 0.1 M DEA-NO (Niedzielski and Schacht 1992; Ogawa and Schacht in the additional presence of 1 M KT5823, the maxi-1993, 1994) and that IP 3 receptors are present in mum response to ATP was restored to 2.4 Ϯ 0.2 (n ϭ cochlear supporting cells, including pillar cells (Tian 6). The preincubation with DEA-NO in combination and Schacht 1999). with KT5823 had no effect on the resting levels of As far as P2X receptors are concerned, the pharmareceptor antagonist (Hoyle et al. 1990 ; Van den cological characteristics of P2X receptor subtypes are Abbeele et al. 1996; McMurray et al. 1998) . The response to 2MeSATP and the absence of a response too complex to rule out their involvement at this point (Fredholm et al. 1997; Kunapuli 1998; North and Surhand , the stability and architecture of microtubules are also controlled by crosslinking that is regulated prenant 2000). For example, the P2X 4 receptor subunit could not be inhibited by PPADS, and ␣, ␤ -meATP by microtubule-associated proteins (MAPs) (Olmsted 1991; Dhamodharan and Wadsworth 1995 ; Gamblin evoked a current that was only 13% of the response to ATP in oocytes expressing both P2X 4 and P2X 6 et al. 1996) . The activity of MAPs, in turn, can be regulated by calcium-dependent phosphorylation subunits (Lê et al. 1998) . P2X 2 receptors are present in the apical portion of pillar cells (Housley et al. 1999 ) (Quinlan and Halpain 1996; Sato-Harada et al. 1996; Pettit and Fay 1998) . We therefore speculate that where they may contribute to local cation fluxes such as may be involved in the ATP-activated endocochlear purinergic stimulation and the subsequent rise in [Ca 2+ ] i change the stiffness of pillar cells and that this shunt (Housley 1998; King et al. 1998) . From the sum of our results (and in the absence of precise informaresponse can be modulated by NO. In combination with a similar effect on calcium mobilization in Deiters' tion on the distribution of ATP receptor subtypes and ion channels along pillar cells), we speculate on multi- Neurosci. 10:1388 Neurosci. 10: -1397 Neurosci. 10: , 1990 Neurosci. 10: . et al. 1994 Sumii et al. 1997; Yao et al. 2000) , an action pillar cells (Tolomeo and Holley 1997) . In inner pillar Cytochem. 45:1401 Cytochem. 45: -1408 Cytochem. 45: , 1997 cells, the microtubules follow the curvature of the cell nics of the basilar membrane. However, microtubules Neurosci. 19:4498-4507, 1999. in these cells are primarily long-lived and stable and rearrangement (Slepecky et al. 1995) . On the other
